Shot noise measurements in NS junctions and the semiclassical theory 
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We present a new analysis of shot noise measurements in normal metal-superconductor (NS) 
junctions [X. Jehl et ai, Nature 405, 50 (2000)], based on a recent semiclassical theory. The first 
calculations at zero temperature assuming quantum coherence predicted shot noise in NS contacts to 
be doubled with respect to normal contacts. The semiclassical approach gives the first opportunity 
to compare data and theory quantitatively at finite voltage and temperature. The doubling of 
shot noise is predicted up to the superconducting gap, as already observed, confirming that phase 
coherence is not necessary. An excellent agreement is also found above the gap where the noise 
follows the normal case. 
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Noise properties of small NS junctions have attracted 
much attention in the last years because they reveal fea- 
tures that are not accessible by linear conductance mea- 
surements, and stimulate advances and confrontation of 
different theoretical approaches. Most of the peculiar 
features associated with the so-called proximity effect in 
an NS bilayer were extensively studied for more than 30 
yearaJ. More recently, the reentrance effect was discov- 
ered at very low temperatures in coherent hybrid nanos- 
tructures, and the study of proximity effects at the mi- 
croscopic level revealed Andreev reflections^ as the main 
transport mechanism through the interfacea. Shot noise 
brings new information because of its direct dependence 
on the carriers charge or the intcractiniis they experience, 
and already led to remarkable resultstl. The Andreev re- 
flection process, where an electron in N hitting the NS 
interface is retro-reflected as a hole while a Cooper pair 
is absorbed in S, yields transport by carriers of effective 
charge e* = 2e. As a result shot noise in an NS contact 
can be doubled compared to the N case (e* = e). The 
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flrst calculations were performed within the quantum co- 
herent transport theoryQ^Q. Experiments conflrmed the 
doubling prediction by direct low frequency current noise 
measurcmcntaJ aad photon-assisted noise measurements 
in the GHz rangcEl. No calculation was available at flnite 
temperature T and voltage V, and the role of phase co- 
herence remained questionnable because, though it was 
assumed by the theory, doubling was observed on a much 
larger bias ranga3. Nagaev and Biittiker recently devel- 
oped a semiclassical approach to noise in diffusive NS 
junctions which addresses these issuesB. 

Assuming that transport through the NS interface in- 
volves only Andreev reflection below the superconducting 
gap A and only quasiparticles of charge e above A, the 
authors determine the non-equilibrium distribution func- 
tion of electrons in the normal microbridge and calculate 
the shot noise Sj using the Boltzmann-Langevin method. 
They obtain the following analytical expression for Si{V) 
valid at flnite V and|T, with k the Boltzmann constant 
and R the resistance:S 
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This expression is plotted in flgure Ol (solid line) for 
T = 1.35 K, A = 1.2meV and the experimental R(V) 
values (the non-linearity of R(V) on this voltage range 
equals 10%). Above the low voltage regime of thermal 
noise {eV ^ kT) the shot noise increases linearly with 
current with a slope of 2 x 2|i , twice the value for a nor- 
mal contact. This doubling is now predicted up to A, 
above which shot noise recovers the normal -|- value. 
The 3 factor comes from the diffusive nature of the nor- 
mal metaH. The dashed line in flg.ll] simulates a continu- 



ation of the doubled shot noise regime above the gap. We 
previously analyzed our results in Cu-Nb (NS) junctions 
by simply replacing the charge e by 2e in the analyti- 
cal expression for a diffusive normal contact. This led 
to an excellent agreement up to 1^ « A, but could not 
of course account for the recovery of the noise in the 
normal case above the gap. _We also tried to apply the 
theory developped by KhlustHl for ballistic NS constric- 
tions at flnite voltage, and found only a qualitative rough 
agreementQ. This was expected in absence of a more ap- 



propriate model. 
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FIG. 1. Shot noise measurements (dots) in an NS (Cu-Nb) 
junction compared i-to tlie predictions (solid line) from the 
semiclassical theorya with the superconducting gap A as only 
parameter. For V < A the predicted doubled-ishot noise is 
confirmed experimentally, as already describedu. The dashed 
line simulates a doubled shot noise above A to quantitatively 
emphasize the difference with the normal case. For V> A an 
excellent quantitative agreement with the theory is found for 
the first time. 

Equation n^ can be compared to experimental data 
as shown in fig.H, with A as only adjustable parame- 
ter. The best fit to our data at 1.35 ii" is obtained with 
A = 1.2 meV, a number very close to the value for bulk 
Nb (1.35 mey). The perfect doubling of shot noise was 
already observed up to A, i.e. on a range where we 
showed using regntrance measurements that phase coher- 
ence was abseniu. The semiclassical prediction reinforces 
this observation, establishing that doubling of shot noise 
requires essentially elastic interactions, but not phase 
conservation. For 1/ > A an excellent agreement with 
the semiclassical theory is also found. This high bias re- 
gion corresponds to the case of a normal junction where 
transport occurs by carriers of charge e. 

At 4.2 K, equation |l| with A = 0.7 meV yields a good 
agreement with the data, as shown in figure ||. How- 
ever, because A « 2kT at 4.2 K, electron-like excitations 
might be involved in the transport, violating the basic 
assumption that only Andreev reflections can account 
for the transport at 1^ < A. In that case one expects 
an effective charge between e and 2e, and a noise be- 
tween the doubled and normal case, in accordance with 
the dataQ. A quantitative comparison between the data 
at 4.2 K and the semiclassical theory cannot yield defini- 
tive conclusions because it takes place at this high tem- 
perature regime where kT w A. 
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FIG. 2. Shot noise at 4.2 K compared to the semiclassical 
theory with A = 0.7 meV (solid line) , and to the noise of a nor- 
mal contact (dashed line). The measured noise lies in between 
the normal and doubled values, as qualitatively expected in 
the high temperature regime where kT is not negligible com- 
pared to A. 

In conclusion we used the semiclassical theory pre- 
sented by Nagaev and Biittiker to quantitatively explain 
our shot noise data on diffusive NS junctions at 1.35 X 
over the whole bias range. The excellent agreement for 
doubled shot noise up to the gap confirms that phase 
coherence is not necessary to observe the effect. Above 
the gap the shot noise is found to recover the value for a 
normal contact with a voltage-independent excess noise, 
in quantitative agreement with the theory. 
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